Isoforms of the major sucrolytic enzymes in sugarbeet were identified and their developmental expressions of activity were determined with respect to root growth and carbohydrate accumulation. Sugarbeet roots contained at least seven different sucrolytic activities throughout their development. Two soluble acid invertase isoforms, an insoluble acid invertase activity, two alkaline invertase isoforms and two sucrose synthase isoforms were identified. Each enzyme isoform exhibited a unique pattern of developmental expression. Soluble and insoluble acid invertase activities were the predom inant sucrolytic activities in young roots and declined rapidly as roots aged. Soluble acid invertase activity was due primarily to the activity of a single isoform, although a second minor isoform was evident in roots of seedlings. High soluble and insoluble acid invertase activities occurred concurrently with a rapid relative growth rate, high glucose concen tration and minimal sucrose accumulation. Sucrose synthase was the major sucrolytic activity during most of root development and was the predominant sucrolytic activity during the period in which nearly all sucrose accumulation and enlargement of the taproot occurred. Sucrose synthase activity correlated highly with absolute growth rate of the root. One sucrose synthase isoform was present throughout development. A second isoform became
ABSTRACT
Isoforms of the major sucrolytic enzymes in sugarbeet were identified and their developmental expressions of activity were determined with respect to root growth and carbohydrate accumulation. Sugarbeet roots contained at least seven different sucrolytic activities throughout their development. Two soluble acid invertase isoforms, an insoluble acid invertase activity, two alkaline invertase isoforms and two sucrose synthase isoforms were identified. Each enzyme isoform exhibited a unique pattern of developmental expression. Soluble and insoluble acid invertase activities were the predom inant sucrolytic activities in young roots and declined rapidly as roots aged. Soluble acid invertase activity was due primarily to the activity of a single isoform, although a second minor isoform was evident in roots of seedlings. High soluble and insoluble acid invertase activities occurred concurrently with a rapid relative growth rate, high glucose concen tration and minimal sucrose accumulation. Sucrose synthase was the major sucrolytic activity during most of root development and was the predominant sucrolytic activity during the period in which nearly all sucrose accumulation and enlargement of the taproot occurred. Sucrose synthase activity correlated highly with absolute growth rate of the root. One sucrose synthase isoform was present throughout development. A second isoform became evident as roots approached maturity. Alkaline invertase activity was present at low, relatively constant activities at all but the earliest stages of development and was due to two isoforms whose contribution to total alkaline invertase activity changed as roots matured. The presence of multiple, differentially regulated, sucrolytic enzymes seem ingly allows control of sucrose catabolism to balance the metabolic needs of the growing sugarbeet root with its function as a sucrose storage organ. Keywords: Beta vulgaris, invertase, sucrose synthase, sugarbeet T he enzymes of carbohydrate metabolism are essential for growth, development and carbohydrate partitioning in sink organs. Sucrose catabolism fuels growth and development by providing substrates for cellular metabolism and synthesis ofcellular structures (Kruger, 1997) . Sucrose cleavage also governs growth and development by affecting cell expansion (Pfeiffer and Kutschera, 1995) , mitotic activity , osmotic conditions (Gibeaut et al., 1990) and phloem unloading (Eschrich, 1980) . In sink organs, carbon partitioning and sink strength are also influenced by sucrose catabolism.
Three enzymes, acid invertase, alkaline invertase and sucrose synthase are responsible for nearly all sucrose catabolism in plants. Invertases (B-D-fructofuranosidase, EC 3.2.1.26) catalyze the irreversible hydrolysis of sucrose to glucose and fructose. Invertases are categorized by their pH optimum for activity and cellular location (Tymowska-Lalanne and Kreis, 1998a) . Acid invertases exhibit optimunl activity at pH 4.5 to 5.5 and are located in the vacuole or bound to the cell wall. Alkaline invertases are most active at pH 7.0 to 8.0 and are located in the cytoplasm. Sucrose synthase (UDP-D-Glc: D-Fru 2-a-glucosyltransferase, EC 2.4.1.13) is a cytoplasmic enzyme that catalyzes the reversible cleavage of sucrose with uridine 5'-diphosphate (UDP) to form UDP-glucose and fructose. Although capable of synthesizing sucrose, sucrose synthase functions primarily in the direction of sucrose degradation (Xuet al., 1989) .
Sugarbeet (Beta vulgaris L.) roots contain all ofthe major sucrose catabolizing enzymes. Several studies have examined the activity ofthese enzymes during root development and their correlation with sucrose accumulation or degradation (Berghall et al. , 1997; Giaquinta, 1979; Masuda et al., 1987; Pavlinova and Prasolova, 1973) . These studies have led to the suggestion that sucrose accumulation is related to acid invertase activity (Berghall et al., 1997; Giaquinta, 1979) , alkaline invertase activity (Masuda et al., 1987) or sucrose synthase activity (Pavlinova and Prasolova, 1973) . While the conflicting conclusions drawn from these studies reflect the difficulty of interpreting correlative data, these studies were also complicated by the nature of the enzymes involved. Acid invertase, alkaline invertase and sucrose synthase occur not as single enzymes but as families of related isoenzymes and isoforms (Sturm and Tang, 1999; Anguenot et al., 1999) . Isoenzymes and isofomls within an enzyme family typically exhibit different patterns of expression and regulation, have different biochemical properties and may have different functions in plants. Presently, the number of isoenzymes and isoforms for the major sucrolytic activities in sugarbeet roots is unknown, although two alkaline invertases have been reported in mature roots (Masuda et al., 1987) . ill this paper, isoenzymes and/or isoforms for soluble acid invertase, alkaline invertase and sucrose synthase in sugarbeet roots were identified. The identified enzymes were designated isoforms because it is unknown whether they differ in amino acid sequence or posttranslational modification. The contribution of these isoforms to sugarbeet root sucrolytic activity during development and their relation to growth and carbohydrate accumulation were examined. Enzyme activities were used to detem1ine the sucrolytic contribution of each isofoml in developing roots since posttranscriptional and posttranslational regulation of acid invertase and sucrose synthase have been observed in other plant species (McElfresh and Chourey, 1988; Pressey, 1967; Winter and Huber, 2000) .
MATERIALS AND METHODS

Plant material
Sugarbeet hybrid, VDH66156 (Van der Have, Netherlands) was greenhouse grown with a 16h light and 8 h dark regimen. Seeds were sown on February 4. Roots were harvested 2, 4, 6, 8, 12 and 16 weeks after planting. For the two-week harvest date, five replicate samples were collected by combining 30 to 40 roots per sample. For all other harvest dates, ten individual roots were collected. Whole roots or representative longitudinal sections of roots were rapidly frozen in N 2(liq) and lyophilized prior to use. Care was taken to insure that all sections were representative of whole roots and included crown and tail tissue. The experiment was replicated using sugarbeet planted 16 weeks subsequent to the first set of plants. Seeds were sown on May 24. Similar results were obtained in both experiments suggesting that the data was not significantly influenced by seasonal variance in greenhouse conditions.
Protein extraction
Lyophilized tissue was homogenized in ten volumes (w/v) of extraction buffer (100 mM HEPES-NaOH, pH 7.2, 10 roM Na 2 S0 3 , 5 mM DTT, 1 roM MgC1 2 ) and passed over a 20/lm filter. The filtrate was centrifuged at 17,000g. The combined pellets were washed three times with extraction buffer and used for cell wall acid invertase activity assays. The supernatant from centrifugation was separated from carbohydrates and salts by dialysis or acetone precipitation. Extracts from roots two to six weeks after planting and all extracts used for sucrose synthase activity assays were dialyzed overnight against dialysis buffer (10 roM HEPES, pH 7.2, 1 roM DTT, 1 mM MgClz}. Extracts of roots eight to sixteen weeks after planting used for invertase assays were concentrated and desalted by addition of an equal volume of cold acetone. Precipitated proteins were pelleted by centrifugation at 10,000g for 15 min, washed with 50% cold acetone and resuspended in dialysis buffer. Acetone precipitation had no effect on invertase specific activity and provided a rapid method to concentrate protein extracts. Extraction ofcell wall pellets was perfonned overnight in ten volumes (w/v) of 100 mMHEPES-NaOH, pH 7.2, 10 roM Na 2 S0 3 , 5 mM DTT, 2 M NaCl and 15 roM EGTA with agitation. Cell wall debris was removed by centrifugation at 17,000g and the supernatant dialyzed overnight as described above. All manipulations were perfonned at 4°C.
Enzyme activity and total protein assays Invertase activity was determined by modification ofthe method of Goldstein and Lampen (1975) . For soluble invertase extracts, 20 to 50 I.ll extract was incubated for 30 min at 37°C with 100 mM buffer and 100 mM sucrose in 100 fll total volume. Buffers were NaOAc, pH 4.7 and HEPES-NaOH, pH 8.0 for acid and alkaline invertase activity assays, respectively. Reactions were stopped by addition of an equal volume of 0.5 M potassium phosphate, pH 7.0 followed by boiling for 3 min. Glucose concentration was determined by addition of 1 ml ofa solution containing 14 U glucose oxidase, 1 U peroxidase, 24 flM o-dianisidine and 38% glycerol and subsequent incubation for 30 min at 30°C. Reactions were stopped by addition of 1.5 ml 6 N HCI and the absorbance at 540 nm measured. Insoluble acid invertase was measured as described above using 100 mg of the cell wall pellet resuspended in 500 fll total volume. Assay solutions were centrifuged prior to measurement of absorbance. Control reactions were run on all samples by assaying as above in the absence of sucrose. Sucrose synthase activity was measured by incubation of 20 to 50 fll extract with 250 mM sucrose, 2 mM UDP and 100 mM MES, pH 6.5 in a 200 fll total volume at 35°C for 30 min. Fructose was quantified by the method of Nelson (1944) using the alkaline copper reagent to stop the reaction. Control reactions were run on all samples by assaying in the absence ofUDP. Total protein was measured by the method of Bradford (1976) using bovine serum albumin as standard.
Isoelectric focusing gel electrophoresis and activity staining Enzyme isoforms were separated by flat bed isoelectric focusing on 5% polyacrylamide gels with ampholines in the pH range of3.5 to 9.5 (Amersham PharmaciaBiotech, Sweden). Electrophoresis was conducted for 1.5 h at 0.10 W/cm 2 and 10°C. Gels were incubated for 30 min at 35°C in 100 mM NaOAc, pH 4.7 and 100 mM sucrose for acid invertase activity staining, 100 mM HEPES-NaOH, pH 7.7 and 100 mM sucrose for alkaline invertase activity staining and 100 mMMES-HCI, pH 6.5, 100 mM sucrose and 2 mM UDP for sucrose synthase activity staining. Gels stained for acid and alkaline invertase activity were pre-incubated for 15 min at 4°C in the appropriate buffer to equalize pH throughout the gel prior to incubation with substrate. After incubation with substrate, gels were rinsed with distilled ~O and stained with 0.1 % (w/v) 2,3,5-triphenyltetrazolium chloride and 0.5 N NaOH with warming to 100°C (Gabriel and Wang, 1969) . Control gels were run as described above except sucrose was omitted from the incubation solution for invertase stained gels and UDP was omitted from the incubation solution for sucrose synthase stained gels. Densitometry of gels was performed with a ChemiImager 4000 (Alpha Innotech, San Leandro, CA) or Un-Scan-It software (Silk Scientific, Orem, UT). Isoelectric points were determined by comparison ofthe mobility ofthe enzymes in an isoelectric focusing gel with standards of known pI (BioRad, Hercules, CA, USA).
RESULTS
Sugarbeet root growth
The increases in root size and fresh mass were determined during the growth of greenhouse-grown sugarbeet over a sixteen-week period ( Fig. 1 ). Sugarbeet roots accumulated the majority of their size and mass between six and sixteen weeks after planting ( of the increase in root size, measured as the caliper at the widest portion of the root, and 96% of the increase in root mass occurred between six and sixteen weeks after planting. The relative rate ofroot growth, however, was greatest during the first six weeks after planting and decreased with root maturity (Fig. IB) . Relative growth rate was defmed as the percent increase in mass or size per week. By the sixth week after planting, the relative growth rate was only a small fraction ofthe initial relative growth
... rate. Relative rates for mass and size accumulation declined by 97 and 79%, respectively, between two and six weeks after planting. The observed decline in relative growth rate reflected the decline in the proportion of root tissue that was meristematic. Meristematic cells increase in number with root development but become a smaller percentage of the total root. The absolute rate of root growth, defmed as the change in mass or caliper per week, generally increased with root age (Fig. 1 C) . The absolute growth rate, measured by the change in root caliper, increased during the fIrst eight weeks after planting, but declined between eight and sixteen weeks after planting. The absolute growth rate, measured by the change in root mass, exhibited a nearly linear increase with root age.
Carbohydrate content Sugarbeet roots accumulated sucrose throughout most of their development, although accumulation was greater in the later develop ,5 mental stages (Fig. 2) _ Generally, sucrose accumulation increased with root age, increasing in both sucrose concentration and total sucrose content of the roots_ Sucrose concentration, expressed as a function of root dry weight, increased rapidly between two and four weeks after planting indicating the ability of roots to store sucrose even when young. Only slight increases in sucrose concentration were evident with subsequent growth. Total sucrose content of the sugarbeet taproot increased rapidly after six weeks. Sucrose accumulation in roots six weeks after planting occurred at a rate sufficient to maintain a nearly constant sucrose concentration despite the large concurrent increase in root mass and size (Fig. lA) . Glucose and fructose were present in significantly lower concentrations than sucrose at all but the earliest stages of root development. Concentrations ofthese two sugars were greatest in seedling roots two weeks after planting (Table 1) . Glucose was the predominant carbohydrate in roots two weeks after planting and accounted for approximately 60% of the total soluble carbohydrate content. As roots aged, glucose and fructose concentrations declined as did their relative Soluble and cell wall acid invertase activity Acid invertase activity in sugarbeet roots was due to the combined action ofsoluble acid invertase and insoluble cell wall invertase activities. Both soluble and insoluble acid invertase activities were greatest in the roots of seedlings two weeks after planting ( Fig. 3A and B) . Soluble 100 12°~ -.. Invertase activities of ( 0) cell wall pellet or (.) high saline extract of cell wall pellet were assayed at pH 4.7 and 37°C. Data points are the mean of ten replicates except the data for two week roots in which the mean of five replicates of 30 to 40 roots is shown. Error bars equal ± one standard deviation.
acid invertase activity decreased precipitously after the second week after planting and was barely detectable by the sixth week (Fig. 3A) . Insoluble acid invertase activity exhibited a similar pattern of decline and was difficult to detect by the fourth week after planting (Fig. 3B ). Insoluble acid invertase activity was measured after solubilization of cell wall proteins or directly with the cell wall pellet with similar results. Soluble acid invertase activity was predominantly due to a single acid invertase isoform (AcInvI) as determined by activity stained isoelectric focusing gels (Fig. 3C) . A second acid invertase isoform (AcInvll) was evident in roots two weeks after planting, but at a significantly lower activity. Isoelectric points of the two isoforms were 4.7 and 4.8 for the major and minor isoforms, respectively. Alkaline invertase activity Alkaline invertase was a minor sucrolytic activity during sugarbeet root growth (Fig. 3D) . Alkaline invertase activity was not detected in roots at two and four weeks after planting, but was evident by six weeks after planting. Low levels of alkaline invertase activity were detected at all later stages of development. Two isoforms, Alkaline Invertase I (AlkInvI) and Alkaline Invertase II (AlkInvII) contributed to alkaline invertase activity (Fig. 3E) . AlkInvI, with an isoelectric point of 5.9, was the predominant isofonn. AlkInvI comprised 95, 91, 67 and 56% of the total alkaline invertase activity at, respectively, 6, 8, 12 and 16 weeks after planting, as detennined by densitometric scanning of activity stained isoelectric focusing gels. AlkInvI activity was greatest in roots eight weeks after planting and declined with subsequent root development. The activity of AlkInvII, with an isoelectric point of 5.3, increased as roots matured.
Initial studies erroneously detected alkaline invertase activity in roots two and four weeks after planting (data not shown). Using an enzyme coupled spectrophotometric assay, glucose fonnation was detected after incubation of crude protein extract with sucrose at pH 8.0. Glucose fonnation, however, was caused by a small residual activity of acid invertase at pH 8.0. Activity stained isoelectric focusing gels demonstrated the absence of alkaline invertase activity in roots two and four weeks after planting. By six weeks after planting, acid invertase activity had declined to nearly undetectable levels and did not impact assays for alkaline invertase activity. Sucrose synthase activity Sucrose synthase was the major sucrolytic activity at all but the earliest stages of development (Fig. 3F) . Sucrose synthase activity increased between two and six weeks after planting and remained at high, relatively constant levels during subsequent growth. Nearly all accumulation ofroot size, mass and sucrose content occurred concurrently with high sucrose synthase activity. Sucrose synthase activity correlated highly with the rate of increase in root size (Fig. 1 C) , but was not highly correlated with the rate of increase in root mass. That sucrose synthase activity was highly correlated with the absolute growth rate measured as the increase in caliper but not the absolute growth rate measured as the increase in mass, can be explained by the nature of the measurements. The change in root caliper occurs in one dimension and is a linear measurement; the change in root mass occurs in three dimensions and is a cubic function. Sucrose synthase activity, measured in these experiments as specific activity, is a one-dimensional, linear measurement. No correlation was apparent between sucrose synthase activity and growth (Fig. lA) , relative growth rate (Fig. IB) , sucrose concentration or sucrose content (Fig. 2) .
Two sucrose synthase isoforms were identified in developing sugarbeet roots (Fig. 3G) . Sucrose Synthase I (SucSynl), with an isoelectric point of5.7, was the sole isoform during the frrsttwelve weeks after planting. A second isoform, Sucrose Synthase II (SucSynIl), with a pI of 6.1, was evident sixteen weeks after planting. SucSynII accounted for 60% ofthe total sucrose synthase activity at this stage ofdevelopment.
DISCUSSION
Developing sugarbeet roots contain multiple isoforms of the major sucrolytic enzyme activities. Two soluble acid invertase isoforms, an insoluble acid invertase activity, two alkaline invertase isoforms and two sucrose synthase isoforms were evident in roots at some stage of development. Each isoform exhibited marked changes in activity with respect to root development, growth and sucrose accumulation. Multiple isoenzymes and/or isoforms of the major sucrolytic activities have been observed in many plant species. Multiple isoenzymes of soluble acid invertase, insoluble acid invertase, and sucrose synthase activities have been reported in Arabidopsis (Dejardin et al., 1999; Tymowska-Lalanne and Kreis, 1998b) , carrot (Sturm et al., 1995) , maize (Gupta et al., 1988; Taliercia et al. , 1999; Xu et al. , 1996) , and potato (Fu and Park, 1995; Hedley et al., 1994) , as well as other plant species. Multiple isoenzymes and/or isoforms for alkaline invertase have also been found in carrot, faba bean and sugarbeet (Lee and Stunn, 1996; Masuda et aT.,1987; Ross et aT., 1996) . Acid invertase was the predominant sucrolytic activity in young sugarbeet roots. Activity was due to two soluble acid invertase isofonns and a cell wall acid invertase activity. Concurrent with high acid invertase activity, seedling roots grew at a rapid relative rate. The rapid relative growth rate of seedling roots was likely a reflection of the high proportion of meristematic tissue found in young roots. The relative growth rate was most closely correlated with the activity of the major soluble acid invertase isofonn. High soluble acid invertase activity has previously been observed in rapidly growing and elongating plant tissues, such as elongating internodes (Morris and Arthur, 1985) , hypocotyls (Pfeiffer and Kutschera, 1995) , and developing roots (Ricardo and Sovia, 1974) and fruits (Lowell et aT., 1989) . Insoluble acid invertase activity has also been associated with regions of active growth in tomato roots (Chin and Weston, 1973) and carrot roots (Ricardo and ap Rees, 1970) . Authors of these studies suggest that acid invertase activity supports rapid growth by providing hexose substrates for conversion to metabolic energy, the biosynthesis of cellular structures (Morris and Arthur, 1984; Ricardo and ap Rees, 1970) or use as osmolytes for the maintenance of cell osmotic pressure during cell elongation (Kutschera, 1991) . Sugarbeet root acid invertase activity is likely to function similarly and probably provides the substrates to support the rapid relative growth observed in young roots.
Sucrose accumulation in sugarbeet roots was inversely proportional to soluble and insoluble acid invertase activities. Sucrose accumulation was not evident in the roots of seedlings when the activity of both soluble acid invertase isofonns and the insoluble acid invertase activity were maximal. Rather, glucose was the major sugar, suggesting that the majority of sucrose transported to the seedling root was hydrolyzed. As sugarbeet plants matured beyond the seedling stage, soluble and insoluble acid invertase activities declined precipitously and sucrose content of the roots increased. An inverse correlation between soluble acid invertase activity and sucrose accumulation has been observed in sugarcane stems (Hatch and Glasziou, 1963) , citrus fruits (Lowell et aT., 1989) , and several root crops including sugarbeet (Giaquinta, 1979) , carrot (Ricardo and ap Rees, 1970) , radish and turnip (Ricardo and Sovia, 1974) . This correlation has lead to the suggestion that soluble acid invertase activity is incompatible with sucrose storage (Berghall et aT., 1997; Giaquinta, 1979; Hatch and Glasziou, 1963; Ricardo and ap Rees, 1970) . While the data of this study support this theory, the role of the soluble acid invertase isofonns in sucrose storage in sugarbeet roots remains unknown. Although sucrose storage and soluble acid invertase activity both occur in the cell vacuole (Leigh et al., 1979) , whether they occur in the same cells or tissues in sugarbeet roots is unknown.
Young sugarbeet roots contained substantial insoluble acid invertase activity. The function ofthe insoluble acid invertase in sugarbeet roots is unknown. 1n other plant species, cell wall acid invertase activity has been implicated in apoplastic phloem unloading involving sucrose hydrolysis (Eschrich, 1980) . 1n sugarbeet, such a role is unlikely, since sucrose is not hydrolyzed during phloem loading, transit or unloading (Giaquinta, 1977) . 1n carrot plants, insoluble acid invertase has been shown to affect sucrose partitioning between source and sink organs . Taproots were small, underdeveloped and had reduced carbohydrate content in carrot plants with reduced expression of cell wall acid invertase in the root. The observed phenotype was unlikely to involve phloem lmloading since carrot plants, like sugarbeet, do not require sucrose hydrolysis for phloem unloading (Stunn et al., 1995) . Sugarbeet root insoluble acid invertase may playa similar role in carbohydrate partitioning.
Alkaline invertase activity was minor throughout the develop ment of sugarbeet roots. Alkaline invertase activity was due to two isofonns which exhibited different patterns of developmental expression. No correlation was observed between either isofonn and growth, growth rate, carbohydrate composition or accumulation. Masuda et al. (1987) observed an increase in total alkaline invertase activity with sugarbeet root development that paralleled sucrose accumulation. 1n agreement with Masuda et al. (1987) , no alkaline invertase activity was observed in young sugarbeet roots. 1n these studies, however, sucrose accumulation was evident prior to the detection of alkaline invertase activity, and total alkaline invertase activity did not mirror sucrose accumulation. The difference in results between this study and that of Masuda et al. (1987) may be due to differences in sugarbeet variety or cultural conditions. This study, however, does not support the contention of Masuda et al. (1987) that alkaline invertase is involved in the regulation of sucrose accumulation.
The in planta function of alkaline invertase activity is unknown. Alkaline invertase was suggested to provide for the metabolic needs of tissues or cells when acid invertase activity is insufficient (Ricardo and ap Rees, 1970) . 1n sugarbeet roots, alkaline invertase and acid invertase activities were present at different stages ofdevelopment. The relationship between these enzyme activities may be coincidental, however, since tissues containing both acid and alkaline invertases have been identified (Fay and Ghorbel, 1983; Masuda et al., 1988) . Lee and stunn (1996) propose that alkaline invertase is involved in channeling sucrose into cytoplasmic carbon metabolism. While alkaline invertase may function in this marmer in sugarbeet, its role in providing hexose substrates is likely to be minor. Alkaline invertase activity was always found coincident with high sucrose synthase activity.
Sucrose synthase activity was evident at all stages of sugarbeet root development and was the predominant sucrolytic activity at all but the earliest stages of growth. Two sucrose synthase isoforms were identified in this study. One isoform was present throughout development. A second isofornl was present only in the late stages of growth. The presence of two or more sucrose synthase isoenzymes with different developmental patterns of expression is typical in higher plants (Sturm and Tang, 1999) . The different expression patterns of sucrose synthase isoenzymes suggest that they are likely to have different in pIanta functions . In developing endosperm of maize kernels, different functions have been shown for the two sucrose synthase isoeTIZynles present; one isoenzyme provides substrate for cellulose biosynthesis, and the second supplies substrate for starch biosynthesis (Chourey et al. , 1998) . The difference in activities of the two sugarbeet sucrose synthase isoforms during development suggest that they are also likely to have different roles in the developing taproot.
In sugarbeet roots, nearly all accumulation of size, mass and sucrose occurred concurrently with high sucrose synthase activity. Sucrose synthase activity correlated highly with the rate of increase in root size. High sucrose synthase activity has frequently been observed in sink tissues and organs, and a correlation between sucrose synthase activity and sink strength has been shown in potato tubers, bean seeds, and roots ofcassava, sugarbeet and sweetgum (Giaquinta, 1979; Sung et al., 1989; Zrenner et al., 1995) . Authors of these studies proposed that sucrose synthase has a role in providing substrates for respiration (Sung et al. , 1988) , synthesis of cell wall carbohydrates (Amor et al., 1995) and starch (Chourey and Nelson, 1976) , and may function in regulating sink capacity (D'Aoust et al., 1999; Zrenner et al., 1995) . Repression ofsucrose synthase expression in potato caused a significant reduction in tuber dry weight and starch content (Zrenner et al., 1995) , while in tomato, repression of sucrose synthase activity hindered sucrose unloading in young fruit and led to reduced fruit set (D' Aoust et al., 1999) . Although further work is required to determine the function of sucrose synthase in sugarbeet roots, the data ofthis study suggest that it is important for growth ofthe taproot and may be a factor controlling root size and ultimately, crop yield.
Sugarbeet roots contain multiple sucrolytic enzymes, with different sucrolytic activities and eTIZynle isoforms present at different stages of root development. The various sucrolytic activities almost certainly perfonn different metabolic functions in the sugarbeet root with different isofonns of these activities functioning at different stages of growth. The presence of multiple, differentially regulated sucrolytic enzymes is likely to be essential for growth and development of sugarbeet roots and allows control and flexibility in the regulation of sucrose catabolism to balance the root's metabolic needs with its function as a sucrose storage organ. Understanding these enzymes and their role in sugarbeet sucrose catabolism is essential for understanding growth and sucrose accumulation in the sugarbeet crop and is needed to understand their impact on crop and extractable sucrose yield.
